Introduction
During the reproductive lifespan of female mammals, continuous follicle development occurs within the ovary [1] . Follicles are the functional units of the ovaries. Each follicle consists of an oocyte surrounded by granulosa cell layers. Granulosa cells proliferate into the multilaminar epithelium and segregate upon formation of the fluid-filled follicular antrum; the subsequent differentiation occurs in granulosa cells [2] . Cells that line the follicle wall and reside very close to the basement membrane are called mural granulosa cells; cumulus cells form another group of cells that are located directly adjacent to the oocytes [3] . These 2 cell populations are responsible for growth and maturation of the oocyte and for successful ovulation.
Cumulus cells communicate with each other and with the oocyte through specialized gap junctions (GJs) which provide a direct pathway for transporting signaling molecules. The growing oocyte supplies most of its substrates for energy metabolism and biosynthesis from the surrounding cumulus cells. Another critical aspect in the final stages of follicular development is cumulus expansion and it is an indicator for underastanding the oocyte maturity. Cumulus expansion is regulated by growth differentiation factor-9 (GDF-9) and bone morphogenetic protein-15 (BMP-15) which belong to transforming growth factor beta (TGF-β) superfamily. GDF-9 and BMP-15 act as oocyte-secreted paracrine factors that regulate several genes expressions like cyclooxygenase-2 (COX-2), gremlin-1 (GREM-1), hyaluronic acid synthase-2 (HAS-2), and pentraxin-3 (PTX-3) that are expressed from cumulus cells and they are on the critical point on the folliculer developing and cumulus expansion. Oocytes of follicles with impaired cumulus expansion has a limited potential for implantation. So, it's clear that mammalian female fertility is critically dependent on timely coordinated intercellular communication between cumulus cells and oocyte [4, 5] .
The Notch genes encode transmembrane receptors that are highly conserved evolutionarily and which control cell-fate decisions between tightly adjacent cells by modulating cell proliferation, differentiation, and survival [6] . Mammals have 4 types of Notch receptors (Notch1-4) and 2 ligand families (Jagged1; Jagged2; and Delta-like [DII] 1, DII 3, DII 4). The Notch signaling pathway is initiated by a receptor-ligand interaction between 2 neighboring cells. Cleavage of the receptors occurs after Notch receptors bind to their ligands. The intracellular domain of the receptor releases and translocates to the nucleus. In the nucleus, Notch forms transcriptional complexes with transcription factors of the CSL family (Cpromoter binding factor 1/suppressor of hairless/Lag-1) [7] .
Notch genes are actively expressed by cumulus cells during folliculogenesis [1] . However, it is not released by oocyte and atretic follicles. Several experimental studies involving animals have reported that Notch2, Notch3, and Jagged2 are released from granulosa cells and that Jagged1 is released more often from oocytes than from granulosa cells. The importance of Notch signalling in developing tissues has also been indicated in several studies. However, to our knowledge, no study has described Notch signaling in human granulosa cells, cumulus cells, and oocytes.
The purpose of the present study was to determine the expression of Notch and its ligands in cumulus cells obtained from aspiration of follicles and to compare differences between patients with poor responses and normal responses to assisted reproductive techniques. Another goal of the present study was to understand how Notch signaling regulates this granulosacumulus-oocyte cell microenvironment. Understanding this signaling mechanism would improve our understanding of good and poor responsiveness to assisted reproductive technique and help evaluate the different biological functions mediated by Notch genes in the ovarian follicles.
Materials and methods

Patients
In this prospective study, 47 infertile women referred to the In Vitro Fertilization Unit, Department of Obstetrics and Gynecology, Cerrahpasa School of Medicine, Istanbul University were included. After performing controlled ovarian hyperstimulation with GnRH analogues and gonadotropins, IVF-intracytoplasmic sperm injection procedures were applied to the patients, who were then divided into 2 groups. Eight patients were identified as poor responders and 39 were identified as normal responders. When the number of aspirated oocytes was 4 or less, the patient was considered to be a poor responder [8] . Follicular aspiration was performed after hCG injection. The study was approved by the Ethics Committee and Institutional Board of the Cerrahpasa School of Medicine (institutional review board number: 27568) and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki and its later amendments.
Obtaining cells
Following oocyte aspiration, aspirated follicular fluid was transferred into tissue culture tubes and the oocyte was separated from corona-cumulus cells by Hyase, which includes hyaluronidase enzyme. Cumulus cells obtained in this manner were centrifuged at 2,000 rpm for 10 min in order to remove the follicular fluid and other cells (erythrocytes, leukocytes, and epithelial cells). The supernatant of the centrifuged cumulus cells suspension was discarded. After centrifugation, the cell suspension was diluted with Dulbecco's Modified Eagle Medium (DMEM-F12; Sigma, Steinheim, Germany).
Cell culture
Cells were cultured on cover slips that were kept in 24-well plate culture dishes. After waiting for approximately 2 h for the cells to attach, they were cultured with 5 μL DMEM-F12 medium. Cultured cells proliferated in an incubator at 37°C under 5 % CO 2 and 95 % humidity. After 72 h, the cells were observed under an inverted microscope (Olympus IX71; Olympus Corp., Tokyo, Japan). At the end of 72 h, the medium was removed from the well plates, and the cells were fixed with 70 % alcohol. The cells were kept at 4°C for immunohistochemical investigations.
Immunohistochemistry
The Histostain-plus-Broadspectrum-kit (85-9043; Invitrogen, San Francisco, CA, USA; used according to manufacturer's instructions) protocols were applied for immunohistochemical processing. Cells were treated inside the well plates. Before applying the protocols, alcohol was removed from the cell layer, and the cells were washed with phosphate-buffered saline (PBS) for 5 min and then treated with 3 % H 2 O 2 for 5 min to inhibit endogenous peroxidase activity. The blocking solution was then applied for 5 min. Next, cells were incubated with primary antibodies directed against Notch1 (1:100 dilution; Santa Cruz sc-6010, CA, USA), Notch2 (1/500 dilution; Lifespan LS-B719, Seattle, WA, USA), Notch3 (1:100 dilution; Santa Cruz sc-5593, CA, USA), Notch4 (1:100 dilution; Santa Cruz sc-5594, CA, USA), Jagged1 (1:100 dilution; Santa Cruz sc-8303, CA, USA), or Jagged2 (1:50 dilution; Abcam ab60041-100, Cambridge, UK) for 1 h at 4°C in a humidity chamber. The cells were then incubated with broad-spectrum secondary antibody solution and then with HRP-streptavidin conjugated solution (Invitrogen 85-9043, San Francisco, CA, USA; prepared according to manufacturer's instructions) for 30 min each. Finally, the cells were incubated with the AEC Substrate Kit (Life Science Division COI-12, WA, USA) for 5 min for immunolabeling analysis. All dilutions and thorough washes between stages were performed using PBS. Cells were counterstained with Mayer's hematoxylin (LabVision TA-125-MH; LabVision Corp., CA, USA). Then, the coverslips were mounted onto slides with the mounting medium (Zymed 00-8110, CA, USA). As for negative control, normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz CA, USA) was used. Positive controls were chosen according to the manufacturer's recommendation for each primary antibody.
Oocyte maturity analysis and embryo grading
Oocyte maturity classification and embryo grading were performed according to the procedures reported by Weeck et al. [9] . Oocyte-corona cumulus complexes were investigated under a stereomicroscope (Olympus BH-2; Olympus Corp., Tokyo, Japan), evaluated according to their maturation, and graded from 0 to 4. Embryos were graded from 1 to 5. Oocytes which have a large nucleus in their cytoplasm and a dense corona cumulus layer were regarded as immature "0"; oocytes which did not have a cytoplasmic germinal vesicle and a polar body, and had a corona layer that is relatively less dense and smaller than the total sizes of five oocytes were regarded as "1st degree"; oocytes which had radially placed crowded coronal cells in their vicinity, had cumulus cells spreading to a relatively wider area than the second group, contained a polar body and were easily removed from the cell group when manipulated were regarded as the "2nd degree"; oocytes which lost their tight adherence to the coronal cells and had cumulus cells which were quite scattered but still being cellular were regarded as "3rd degree"; oocytes which had pale cytoplasm and cumulus cells that lost their cellular image and became a gelatinous structure in its vicinity were regarded as "4th degree" mature in the classification [9] . Furthermore, oocyte which is regarded as "4th degree" calls M2 or late M2. M2 oocytes have clear cytoplasm, normal cell size, normal zona pellucida, and non-fragmented polar body. Late M2 oocytes are post-mature oocytes which have dark cytoplasm with cytoplasmic granulations, abnormalities in zona pellucida and fragmented polar bodies. M2 oocytes are considered to be better than late M2 oocytes [9] .
After the 40th hour of the intracytoplasmic sperm injection (ICSI) process, morphology of the dividing embryo was observed and 'embryo grading' was done. Embryos with equallysized blastomeres and without cytoplasmic fragmentation were regarded as "grade 1", embryos with equally-sized blastomeres and minor cyto-plasmic fragmentations were regarded as "grade 2", embryos without equally-sized blastomeres and without cytoplasmic fragmentations were regarded as "grade 3", embryos with or without equally-sized blastomeres and with major cytoplasmic fragmentations were regarded as "grade 4", embryos with blastomeres that cannot be distinguished and with major cytoplasmic fragmentations were regarded as "grade 5" [10] .
Histological score analysis An Olympus BX61 (Olympus Corp., Miami, FL, USA) research microscope was used for histological score (HSCORE) analysis, and the samples were photographed with an Olympus DP72 (Olympus Corp., Miami, FL, USA) digital microscope camera. Five different areas from each slide were investigated under the immersion objective (100× magnification) by 2 histologists in a blinded manner. The intensity of cumulus cell immunostaining was semiquantitatively evaluated using the following categories: 0 (no staining), 1+ (weak, but detectable staining), 2+ (moderate staining), 3+ (distinct staining), and 4+ (intense staining).
Statistical evaluation
The Statistical Package for Social Sciences (SPSS) 11.0 program for Windows was used, and statistical calculations were made after consulting a biostatistician at the Biostatistics Department, Cerrahpasa School of Medicine. The Student's t and Mann-Whitney U tests and Pearson and Spearman correlation analyses were used. All values have been expressed in terms of mean ± standard deviation (SD), and p<0.05 was considered to be statistically significant.
Results
The causes of female infertility in our study were male-factor problems in 20 cases, unexplained infertility in 20 cases, ovarian failure in 3 cases, and polycystic ovarian syndrome together with the male-factor problems in 4 cases. Demographic, clinical, and laboratory features of normal responder and poor responder patients are presented in Table 1 .
The mean female infertility duration and total gonadotropin dose did not differ significantly between the 2 groups. However, a significant difference was observed between the mean values for age (p<0.05) and AMH and FSH on the third cycle day and serum estradiol on the day of HCG injection in the 2 groups. Furthermore, the total oocyte number significantly differed between the 2 groups. However, the fertilization rate (fertilized oocytes/number of ICSI oocytes), percentage of good embryos (grade 1 embryo+grade 2 embryo/total embryo number), and oocyte maturation rate (M2 oocyte number/total oocyte number) were not significantly different between the groups (Table 1) .
All the patients expressed Notch1, Notch2, Notch3, Notch4, Jagged1, and Jagged2 ( Figs. 1 and 2) . Weak or undetectable Notch1 staining was noted for both groups. Notch2 immunoreactivity was mostly nuclear; cytoplasmic immunoreactivity was also observed. Normal responder group cells showed remarkably strong Notch2 immunoreactivity (Fig. 1b) , while Notch2 immunoreactivity was very weak and undetectable in poor responder cells (Fig. 2b) . Cytoplasmic staining was noted for Notch3 (Figs. 1c and 2c) , and nuclear and cytoplasmic staining was noted for Notch4, Jagged1, and Jagged2 (Figs. 1d-f and 2d-f); distinct and intense immunoreactivities were detected. The 2 groups showed a significant difference only for Notch2 ( Table 2) .
The expression of Notch was compared with that of the ligands, and these results were also compared with hormone levels, fertilization rates, oocyte maturation, and embryo quality in each group. In the normal responder group, strong positive correlations were noted between Notch2 and Notch3 (r = 0.547, p = 0.00), Notch2 and Jagged2 (r = 0.857, p = 0.00), and Notch3 and Jagged2 (r = 0.538, p = 0.00) expression (Fig. 3 ) In this group, significant correlations were noted between AMH and Jagged1 expression (r = 0.332, p = 0.039) and also between AMH and Notch3 expression (r = 0.349, p = 0.039). However, the correlations between the following were not significant: Notch1, Notch2, Notch3, Notch4, Jagged1, and Jagged2 expression; mature oocyte number; fertilization rates; and embryo quality percentage. In the poor responder group, while there were positive correlations between Notch2 and Notch3 (r = 0.549, p = 0.159), Notch2 and Jagged2 (r = 0.807, p = 0.015), Notch3 and Jagged2 (r = 0.683, p = 0.062), and AMH and Jagged1 (r = 0.900, p = 0.002) were detected as in the normal responder group (Fig. 4) . Furthermore, in this group, no correlations were observed between the following: Notch1, Notch2, Notch3, Notch4, Jagged1, and Jagged2 expression; mature oocyte number; fertilization rates, and embryo quality percentage.
Discussion
To our knowledge, this study is the first to demonstrate the expression of Notch and its ligands in cumulus cells of the human ovary in patients receiving intracytoplasmic sperm injections. Our results indicate that Notch and its ligands are expressed in the cumulus cells of human ovarian follicles. The normal and poor responder groups did not show significant differences in the expression of Notch1, Notch3, Nocth4, Jagged1, and Jagged2 in the cumulus cells. However, we found a significant difference in Notch2 expression between the 2 groups. Furthermore, there was a positive correlation between Notch2 and Notch3 expression in both groups.
Many studies have been performed on choosing good-quality oocytes and embryos for ICSI patients, and several articles have been published on growth factors, hormones, reactive oxygen species (ROS) production, apoptosis, and gap junctional complexes on the adjacent follicular cells in patients undergoing ICSI [8, [10] [11] [12] [13] [14] [15] . Currently, there is increasing interest in signaling pathways (e.g., Wnt, Hedgehog, and Notch pathways) that are important for developing oocytes. However, these signaling pathways and associated molecules are not yet well understood in this context. The Notch genes encode transmembrane proteins involved in cell fate determination during embryonic development. These genes are evolutionarily conserved, and Notch homologs have been cloned from several vertebrate species. There are 4 Notch receptors (Notch1-4) and 2 families of ligands (Jagged1, Jagged2, Dll 1, Dll3, and Dll4); these proteins are also transmembrane proteins. The Notch signaling pathway is initiated by interaction between the extracellular domains of Notch receptors and their ligands on the surface of adjacent cells [16] . Although there are many publications on the importance of the Notch signaling for tissue development [1, [17] [18] [19] [20] , only a few studies have been performed on the effects of Notch signaling on oocyte growth. To date, no information is available on human cumulus cells and oocyte maturation. In the present study, we confirmed that Notch proteins are involved in human cumulus cells in the follicles of human ovaries.
Many etiological factors have been proposed to explain poor ovarian response. Decreasing ovarian reserves, breakdown of the hypothalamic-pituitary-adrenal/ovary axis, imbalance of ovarian-regulating factors, imbalance in gonadotropin receptor regulation, increasing granulosa cell apoptosis, and increasing auto-antibody levels against granulosa cells can be associated with poor ovarian response [21, 22] . The classification criteria for poor response patients reported in the literature are basal FSH levels [23] , number of aspirated oocytes [24] , the woman's age [24, 25] , and the E 2 level measured on the day of HCG administration [24] . Most studies have emphasized that age and depleted ovarian reserves are the principle factors underlying poor ovarian response, and age-related decrease in ovarian function has been attributed to reduction in the number of follicles available for stimulation.
An increasing number of studies are being performed on granulosa and cumulus cell function in the ovarian response. Seifer et al. reported that increased apoptosis can be related to decreased ovarian reserves and poor ovarian response [26] . Cepni et al. emphasized that the junctional complex on the granulosa cells can be important for obtaining information about the ovarian response; they also labeled connexin 37 (Cx 37) in the granulosa cells of poor and normal responder patients, but could not find any relation between Cx 37 and the ovarian response [8] .
In 2 different studies in mice, it has been shown that Notch1, Notch2 and Jagged1 mutations cause embryonic lethality [27, 28] . In contrast, other studies have shown that mice survived in the absence of Notch3 and Notch4, but they were infertile [18, 19] .
Johnson et al. showed differing expression levels of Notch and its ligands for different follicle sizes in an immunohistochemical study; they also emphasized that Notch2 immunopositivity was noted in all the stages of folliculogenesis and that Notch2 immunopositivity was strongly correlated with that of Notch3 [1] . They also reported that mature oocyte development can be disturbed unless Notch2 is absent; this disturbance can be a cause of infertility.
Recently, Javanovic et al. emphasized the importance of Notch expression in follicle development in an animal model also. Their results suggest that Notch is a novel intraovarian regulator that regulates folliculogenesis through vascular and nonvascular mechanisms [29] .
Our results indicate that Notch signalling, especially Notch2 and Notch3 expression, can be a useful determinant for the ovarian response. We found a significant increase in Notch2 expression (p=0.034) in our normal responder group in comparison to that in the poor responder group. We could not find any significant differences between Notch3 expression for our 2 groups. However, we obtained a strong correlation between Notch2 and Notch3 expression (r=547, p=0.00). This result indicates that Notch2 and Notch3 are essential molecules for completion of folliculogenesis and a good ovarian response. Another related hormone within the follicle pool is antiMüllerian hormone (AMH). AMH expression occurs first in the follicle's granulosa cells in humans, and its expression level is highest for preantral and small antral follicles (diameter≤4-mm). When the size of the follicles increases, the AMH level decreases gradually and AMH disappears completely by the time the follicle size is nearly 8 mm. These results indicate that AMH plays a role in selection of the dominant follicle [30] .
Several studies have emphasized that AMH could be a strong indicator for determining the ovarian response. Choi MH et al. found a close correlation between the retrieved oocyte number and AMH levels. They also reported a significantly decreased cutoff value for the serum AMH levels of poor responder patients [31] .
In our study, we found a significant difference in the serum AMH levels (p=0.018) of the 2 groups. The mean serum AMH levels for the poor responder and normal responder groups were 1.64±0.79 and 4.07±2.75, respectively. Our results support the literature.
On analyzing the relationship between serum AMH levels and Notch receptors and ligands, we obtained some positive correlations. There was a very strong correlation between AMH and Jagged1 in the poor responder group (r=0.900, p=0.002). A similar result was found between AMH and Jagged1 for the normal responder group (r=0.332, p=0.039), although the correlation was not as high as in the poor responder group. Considering these results, we conclude that Notch and its ligands might be useful for understanding the follicle pool.
Conclusion
Our study shows that Notch and its ligands were expressed in cumulus cells of the follicle in human ovary and that there was a significant increase in the expression of Notch2 in the cumulus cells of normal responder patients. An extremely strong correlation was noted between Notch2 and Notch3 expression in both groups. Based on these results, we think that Notch and its ligands are important markers for explaining the ovarian response and that Notch 2 might be a marker for follicle quality. Further studies on the communication between oocytes and granulosa cells are required in order to better understand the interactional mechanisms between oocytes and follicular cells. Such information may be beneficial for improving in vitro fertilization outcomes. 
